Introduction
Several proteins function in multi-subunit oligomeric forms. Actually, the formation process of the structure is closely related to the manifestation of biological function. Information on the structural stability of the oligomer provides a clue to the appreciation of a self-organization mechanism. The unfolded coil is folded to monomeric subunit proteins, and these assemble into an oligomer, forming a quaternary structure, or, conversely, an oligomer is disassembled to monomers and further unfolded to coils by denaturants or heat. Elucidation of the process will provide the answer to the problem of oligomer formation of proteins. To understand the nature of protein±protein interactions, a fundamental study of the stability of the oligomer from the structural point of view has, thus, great signi®cance. GroEL is an interesting and appropriate subject of study because of its function and structure: twinned heptamers form tetradecameric GroEL, which plays the main role of refolding the substrate non-native proteins in the GroEL/GroES chaperonin complex.
E. coli chaperonin GroEL has the hydrolytic activity of ATP to degrade to ADP in conjunction with the binding and dissociation of co-chaperonin GroES, assisting the refolding of several non-native proteins. During the refolding process of a substrate protein, a large structural change occurs in the apical domain of the subunits and exhibits interesting inter-subunit interactions (Roseman et al., 1996) . Quite recently, the refolding mechanism of non-native proteins by a GroEL/ GroES complex has been considerably elucidated (Rye et al., 1999; Chen & Sigler, 1999; Chen & Smith, 2000) .
The stability of GroEL has been surveyed by denaturants and thermal treatments. Stability changes in the presence of ligands Mg 2+ , Mg-ADP and Mg-ATP. In the case of denaturation by urea, Mg-ADP destabilizes GroEL, while the Mg 2+ ion alone stabilizes GroEL (Gorovits & Horowitz, 1995) . Ligands also regulate the thermostability of GroEL (Surin et al., 1997) . Guanidine hydrochloride (GdnHCl) denatures GroEL with half the concentration required with urea (Mizobata & Kawata, 1994) .
Although monitoring the structural change of GroEL has so far been performed by light scattering, CD,¯uorescence and sedimentation, no direct detection of the quaternary structure was possible by these methods. We show in this study that the method of small-angle scattering, SAXS in this case, detects the disappearance of the quaternary structure as well as the dependence of the stability on the denaturant and the state of the unfolded coil. The stability was monitored as a change of the weight-average molecular weight and the z-average (root square average, see x2) radius of gyration.
In the present study, we do not intend to determine the shape, exact parameters, or detailed structural changes by substrate or complex formation (Igarashi et al., 1995; Thiyagarajan et al., 1996; Stegmann et al., 1998) . Our interest is focused on the direct detection of the change of the higherorder structure of oligomer proteins rather than on estimations of the exact parameters indicated above.
Materials and methods

Sample preparation for SAXS measurements
A plasmid pKY206 containing a wild-type GroEL operon from E. coli was kindly supplied by Professor K. Ito of the Institute for Virus Research, Kyoto University (Ito & Akiyama, 1991) . GroEL was puri®ed by over-expressing E. coli TG1, bearing the plasmid, according to the published procedure (Fisher, 1992; Mizobata et al., 1992) with slight modi®cation. Brie¯y, crude GroEL was prepared from a soluble lysate by precipitation between 30 and 55% ammonium sulfate saturation. The precipitates were resuspended in an equal volume of 50 mM Tris-HCl containing 1 mM dithiothreitol and 1 mM EDTA at pH 7.5 and 277 K, and then fractionated by Sephacryl S-300HR gel chromatography. The GroEL peak was identi®ed by ATP hydrolysis activity (Martin et al., 1991; Lanzetta et al., 1979) and by molecular mass (ca 60 kDa) determined on SDS-PAGE (Laemmli, 1970) . The GroEL fractions were pooled and then loaded onto a DEAESepharose FF ion-exchange column equilibrated with the same Tris buffer. After washing with a three-column volume of the same buffer, GroEL was eluted from the column with a linear salt gradient of 0 onto 0.5 M KCl. Pooled fractions of native GroEL were dialyzed against 50 mM Tris-HCl containing 100 mM KCl at pH 7.5 and 277 K. The homogeneity of GroEL preparations was judged by SDS-PAGE analysis. Protein concentration of GroEL was determined spectrophotometrically using the absorbance value of A 280 nm (0.1%, 1 cm) = 0.25 (Bochkareva et al., 1992) .
For the stock solution of GdnHCl, a solution containing 200 mM ADP, 50 mM Tris-HCl, 100 mM KCl, 200 mM MgCl 2 , and 6 M GdnHCl was prepared and adjusted to pH 7.4. GroEL was dialyzed against a solution containing 50 mM TrisHCl, 100 mM KCl, and 6 M GdnHCl adjusted to pH 7.4 (buffer A). ADP was dissolved in buffer A at pH 7.4. GroEL (6 mg ml À1 ) solutions with different concentrations of GdnHCl (0±2.5 M), were prepared by mixing buffer A, the stock solution of GdnHCl, nucleotides and MgCl 2 . Final concentrations of K + , Mg 2+ and ADP in the solutions were 100 mM, 2 mM and 20 mM, respectively. A 12 h time period was allowed for equilibration. No difference was observed in the nature of the solution between incubation times of 12 h and 24 h. Final GroEL solutions were submitted to the SAXS measurements.
SAXS measurements
SAXS experiments were performed with the optics and detector system of SAXES (Ueki et al., 1983; Ueki et al., 1985) installed at beamline BL-10C of a 2.5 GeV storage ring in the Photon Factory, Tsukuba, Japan. The circulating current of electrons in the storage ring was 400 to 250 mA. A wavelength, !, of 1.488 A Ê was used, and the specimen-to-detector distance was about 90 cm. Small-angle scattering from Q = 1.1 Â 10 À2 to 3.35 Â 10 À1 A Ê À1 (Bragg spacing equivalent to d B = 570 to 18.8 A Ê ; Q = 4% sin /!, where 2 is the scattering angle) was registered at 512 different angles by using a one-dimensional position-sensitive proportional counter with an effective length of 200 mm (Rigaku Denki Co. Ltd). The counting time was normally 300 s for each measurement.
Scattering data in different solutions were corrected for the variation in the incident synchrotron X-ray¯ux by monitoring the beam with an ionization chamber placed in front of the temperature-controlled specimen chamber with a¯ow cell (Hiragi, unpublished) ; the irradiation time was 5 s irrespective of the measuring time. An NEC computer controlled the CAMAC data acquisition system. The experiment and simultaneous analysis of the data using the SAXSANA program in MS Visual Basic (Hiragi & Sano, manuscript in preparation) enabled an immediate on-site check of the SAXS results. As GdnHCl contains chlorine, the effect of absorption had to be corrected. The change of scattering intensity caused by a change in contrast with the concentration of GdnHCl was taken into account as well. The net scattering intensities were calculated by subtracting the scattering intensities of the blank buffer from those of the protein solution. Further analysis was performed with the SAXSANA program using an NEC PC 9821 computer.
Data analysis of a polydisperse system
Similarly to the structure of the Tobacco Mosaic Virus Protein (Hiragi et al., 1988) , which shows temperature dependence, a GroEL solution under dissociation and unfolding contains several kinds of particles. In most complexes, tetradecamer (14-mer), heptamer (7-mer), dimer (2-mer), monomer (1-mer) and the unfolded 1-mer chains and/ or its aggregates are contained, and they differ from one another in structure and molecular weight. This indicates that the solution has a statistical distribution in terms of the molecular weight and shape (structure) of the component particles.
The measured scattering intensity J(0)/C, containing L components, is expressed as the summation of the intensity from each component. When the interparticle interference scattering is neglected, the intensity composed of L components, each fraction being k i , is expressed as
where a ni is the 2nth-order moment of the ith particle
with v i the volume,
and p i (r) the distance distribution function,
The mean square distance in the ith particle " r 2 i is de®ned as the square of the radius of gyration and a 1i = " r
. The average of a 1i with respect to the components gives the averaged square (z-average) of the radius of gyration, R 2 gYz , of the system:
The forward scattering intensity of the ith component is given in the form (Kratky et al., 1951; Glatter & Kratky, 1982 )
where I e (7.9 Â 10 À26 cm 2 ) is the Thomson factor, z i is the number of mol e g À1 , v i is the isopotential speci®c volume, & 0 is the mean electron density of the solvent, d is the thickness of the sample, N A is Avogadro's number, C i is the concentration in g cm À3 , P 0 is the intensity of incident X-rays, and R is the distance between the sample and plane of registration in cm. The total forward scattering intensity J(0) yields the weightaverage molecular weight M w,w
K is the optical constant and C is the total concentration. The mean molecular weight obtained from J(0) is the weight average
As the extension of Guinier's approximation (Guinier & Fournet, 1955) to such a polydisperse system, J(Q) is expressed as
The mean radius of gyration derived from equation (10) is also that of the z-average. The initial slope of the Guinier plot, log J(Q) versus Q 2 , gives the z-average radius of gyration R g,z = hR 2 g i 1a2 z as well as the weight-average molecular weight M w,w . As J(0)/C is proportional to M w,w , the change in the relative molecular weight is expressed by J(0)/C without counting the absolute number of scattered X-ray photons.
The average radius of gyration can also be estimated from the distance distribution function, Scattering curves of GroEL from crystal data were calculated by a surface-integration method (Soda et al., 1997) employing a newly developed program (unpublished) that introduces the effect of hydrated water. The ®rst hydrated water layer is replaced with a layer that has a higher electron density than that of free water. The atomic coordinates were obtained from crystal data (Braig et al., 1994 (Braig et al., , 1995 Boisvert et al., 1996; Xu et al., 1997) . As in the crystal data of GroEL, 23 C-terminal residues were lacking, a random coil chain-generating algorithm (Seki & Soda, unpublished) was adopted to compensate for the lost part. To calculate the scattering curve, the average of the ®ve generated structures was used for 14-mer, while the average of ten was used for the other. For an unfolded structure, the random coil conformations in the CL model (Seki & Soda, unpublished) were generated as follows: dihedral angles for the main chains of each amino acid residue are randomly chosen out of the values determined from the atomic coordinate data of native proteins registered in the Protein Data Bank (PDB). As dihedral angles in the secondary structure sequences are not¯exible, they were omitted for the calculation.
Results and discussion
3.1. Disappearance of the quaternary structure detected by Kratky plots of the scattered intensities J(0)/C and R g,z values [obtained by Guinier plots (shown in Fig. 1 ) and the p(r) function] with respect to GdnHCl concentrations, corrected for both absorption and contrast, are summarized in Table 1 . In the intermediate state of denaturation, the solution is considered to be a mixture of 14-mer, 7-mer, 2-mer, dissociated globular 1-mer, and unfolded 1-mer and/or its aggregates. All of the molecular weights and radii of gyration obtained from the experiments are statistical averages of the existing particles (see x2). Depending on the increase in GdnHCl concentration, the absorption increases and the contrast decreases. At 2.5 M GdnHCl concentration, J(0)/C intensities increased by a factor of 2.7 after correction for absorption and by another factor of 1.4 after correction for contrast.
J(0)/C and R g,z values from Guinier plots give no further active information on the quaternary structure. A comparison of the Kratky pro®les offers a clue to ®nd the disappearance of the quaternary structure. Kratky plot pro®les of the scattered intensities in different GdnHCl concentrations of the GroEL solution are shown in Fig. 2 . Intact 14-mer GroEL had the ®rst peak at about Q = 0.025 A Ê À1 and the second at 0.075 A Ê À1 . Peaks disappeared in the solution of 0.8 M GdnHCl concentration. This means that the quaternary structure was lost at this GdnHCl concentration, which will be discussed below. After the disappearance of the oligomer structure, Kratky pro®les changed from that of the oligomeric particle to that of a coil structure. A similar signi®cance was observed by the reconstitution process of the tobacco mosaic virus (TMV) particle, where second and third peaks appeared according to the growth of the TMV rod (Sano et al., 1995) . A model calculation of the triaxial body models (Kajiwara & Hiragi, 1996) suggests that the second (and higher) Kratky peak results from the globular shape of the molecule.
To ensure that the peaks in the experimental Kratky pro®le originated from 14-mer, a model calculation was performed using atomic coordinates obtained from crystal data (Braig et al., 1994 (Braig et al., , 1995 Boisvert et al., 1996) and a model for an unfolded coil (Seki & Soda, unpublished) . Fig. 3(a) shows the Kratky plots of the curves calculated from the crystal data. As seen in Fig. 3(b) , experimental Kratky curves of the GroEL Table 1 Forward scattering intensities J(0)/C (relative molecular weights) and zaverage radii of gyration R g,z , obtained from both Guinier plots and distance distribution functions p(r) of GroEL, corresponding to the change in GdnHCl concentration.
Values of J(0)/C and R g,z were estimated from scattered intensities corrected for both absorption and contrast. Figure 1 Guinier plots of scattered intensities of GroEL in different GdnHCl concentrations.
Figure 2
Change of the Kratky plot pro®le by GdnHCl denaturation. The disappearance of the peaks at GdnHCl concentration higher than 0.8 M indicates the collapse of the quaternary structure.
solution without GdnHCl agree well from the point of view of peak positions and pro®le with that of 14-mer. None of the models of 7-mer, 2-mer, or 1-mer coincides with the experimental pro®le of the intact 14-mer. The calculated radii of gyration from the atomic coordinates are 64.8, 53.5, 35.0 and 28.7 A Ê for 14-mer, 7-mer, 2-mer, and 1-mer, respectively. The R g,z (identical to R g if there is no statistical distribution in structure) values of 14-mer GroEL experimentally obtained are somewhat larger than those of the present calculation. R g,z values under different solution conditions vary depending on the solution condition (Igarashi et al., 1995; Thiyagarajan et al., 1996; Stegmann et al., 1998) . As a mobile apical domain was ®xed in the present calculation, the difference in R g is probably due to a small structure shift of GroEL 14-mer in the solution from that of the crystal (Thiyagarajan et al., 1996) . The height ratio of the ®rst to the second peak from the experiment was kept at 1:0.24 until the quaternary structure was disrupted. The values calculated from the crystal data are 1:0.23 for 14-mer and 1:0.32 for 7-mer; 2-mer and 1-mer have no second peak. This suggests that the GroEL 14-mer structure was kept until it degraded to the unfolded structure in the protein concentration of 6 mg ml À1 , although both 1-mer and 7-mer were observed in a lower protein concentration of 50 mg ml À1 (Mizobata & Kawata, 1994) by GdnHCl denaturation or 1-mer 280±640 mg ml À1 by urea denaturation (Gorovits & Horowitz, 1995) . The difference is evidently due to a shift of equilibrium caused by the increased protein concentration.
3.2. Stability of GroEL monitored by the change of J(0)/C and R g,z , and the nature of the entity in the denatured solution Denatured GroEL particles have larger R g,z than 14-mer GroEL, as shown in Table 1 and Fig. 4 . This means that, in higher GdnHCl concentration, GroEL is unfolded and expanded to coil. The radius of gyration of a particle is given as the average of the square of the distance from the centre of gravity of scatterers in a scattering particle, r 2 , with the weight of electron density &(r) of the particle:
2 dVa v &r dV. When an unfolded coil extended to a larger size than 14-mer, while the molecular weight of the coil was smaller as a result of dissociation and unfolding, the radius of gyration of the coil should become larger. Fig. 4 re¯ects this situation. The model calculation of the unfolded GroEL monomer yields a smaller R g of 69.3±80.9 A Ê than estimated from the experiment depending on the model. A simple calculation from the sphere and cylindrical disk model (Hiragi & Ihara, 1981; Hiragi & Ihara, 1982) indicates that the increase in R g is 20 to 50% with two and three times the increase in volume (and molecular weight). When unfolded GroEL is a mixture of a monomer coil and some entangled aggregates of monomers, the R g,z values obtained from the experiment are comprehensible, as will be discussed below.
The J(0)/C curve in Fig. 4 can be interpreted identically to the light scattering measurements of GroEL and Hsp25 denaturation (Mizobata & Kawata, 1994; Gorovits & Horowitz, 1995; Ehrnsperger et al., 1999) Relative change of the weight-average molecular weight, J(0)/C (circles, curve falling from left to right), and the z-average radius of gyration R g,z obtained from Guinier plots (circles) and from the p(r) function (squares). Arrows indicate the GdnHCl concentration of 0.8 M where the quaternary structure disappeared.
corresponds to the very low Q region of the SAXS intensity and also gives the weight-average molecular weight, although the R g,z is inestimable. The arrows indicate the points where the quaternary structure disappeared, judging from the Kratky plots. The decrease in J(0)/C is slight after the disappearance of the quaternary structure, indicating that no further large molecular weight change occurred. The relative J(0)/C intensity of unfolded GroEL decreased to 20% of the native one, whereas R g,z increased. If the unfolded monomer coil exclusively existed in the solution of higher GdnHCl concentration, the J(0)/C intensity should be one fourteenth (7.1%) of the initial value. None of the calculated scattering curves based on the coil models coincided with that of the experiment. Judging from the change of the J(0)/C value and the calculation, the unfolded solution contains not a sole monomer but some mixture of a monomer and entangled aggregates of coiled monomers (statistical average of 2.8 unfolded monomers).
Under the present solution conditions, the refolding and reassembly of a perfect GroEL oligomer from the denatured GroEL coil was not possible, although GroEL 14-mer can reassemble from an unfolded monomer in a much higher GdnHCl concentration and a very low GroEL concentration, at which neither SAXS nor SANS measurements are possible (Mendoza et al., 1995; Ybarra & Horowitz, 1995; Shiseki et al., 2001) . Actually, GroES completely refolds to 7-mer from an unfolded coil in a condition similar to that of the present experiments (Higurashi et al., manuscript in preparation). The J(0)/C value of unfolded GroES solutions of a GdnHCl concentration higher than 1.5 M fell to 1/7 times that of the heptameric oligomer in this case. The existence of the aggregated and entangled coils would disturb the reassembly from the denatured state to complete GroEL 14-mer in the present solution condition. Reconstruction of an oligomer protein from a denatured coil is probably only possible when the protein is denatured to a monomeric coil.
The observed radius of gyration does change according to the variance of contrast, even for the X-ray scattering Stuhrmann & Kirste, 1965 . Different from the case of non-denaturant contrast modulators of glycerin±water, glucose±water, or cane sugar±water systems, the R g,z value modi®ed by contrast in the present study cannot be corrected experimentally because GdnHCl is both a denaturant and a contrast modulator. However, the change in R g for SAXS is very small (e.g. compared with the neutron scattering from nucleoproteins such as ribosomal particles containing both RNA and proteins in a D 2 O/H 2 O system because of the difference in the scattering length of the atoms between the neutron and X-ray. The present R g,z changes by GroEL denaturation exceed far more than contrast variance. From the context given above, SANS has an advantage over SAXS in denaturation studies with GdnHCl such as that in the present experiment, provided that there is enough measuring time; for example, small-angle scattering measurements could be realised with a solution containing a higher concentration of GdnHCl.
Conclusions
It has been proven that the small-angle scattering methods, SAXS and SANS, are very powerful methods for the study of the structural changes of oligomeric proteins as well as monomeric proteins. The methods detect directly the quaternary structure, whereas conventional methods, such as light scattering, CD,¯uorescence and sedimentation, cannot provide direct evidence of a change in a quaternary structure. A Kratky plot of the scattered intensities sensitively re¯ects the appearance and disappearance of a quaternary structure. From pairwise plots of the change of forward scattering intensity and the z-average radii of gyration against the denaturant concentration (or temperature, in the case of thermal denaturation), the stability and nature of the denatured entity can be estimated.
